In our evaluation of three microirrigation systems used in greenhouse cut-flower production, the systems' ability to apply water uniformly varied widely, The most common irrigation system, the perimeter system, generally applied water less consistently than other tested systems. Center riser and drip irrigation systems generally applied water more uniformly than the perimeter system. And while many perimeter irrigation systems could be retrofitted to improve water distribution, all irrigation systems could be improved with a regular maintenance program consisting of flushing rust and other particulates from irrigation pipe, and chemically controlling biological growth in irrigation pipe.
Cut-flower and foliage production is a major agricultural industry in Monterey and Santa Cruz counties with more than 25 million square feet of greenhouse-grown cut flowers, and 874 acres of field flowers and foliage with a value of over $60 million. Conserving water and reducing nitrogen leaching are two important goals of the industry in this environmentally sensitive area adjacent to the National Monterey Bay Marine Sanctuary.
As part of a program to improve water management, the Monterey and Santa Cruz counties Cooperative Extension and Monterey County Water Resources Agency conducted a joint project to evaluate irrigation system effectiveness in applying water efficiently in greenhouse cut-flower production. Following these on-site evaluations, growers received individualized reports that made specific recommendations for improving their irrigation systems. In this article, we draw some conclusions about designing, retrofitting and maintaining irrigation systems that influence the uniformity of those systems.
Irrigation evaluation methods
areas receive more water than other areas. The result is underirrigation in some areas, overirrigation in some areas, or a combination of both. To compensate for this, additional water must be applied to make sure all plants are adequately irrigated. The more uniformly the water is applied, the less water is required to meet the needs of all the plants throughout the irrigated area.
One parameter for quantifying the uniformity of an irrigation system is called the distribution uniformity (DU) measurement. The DU is calculated by measuring flow throughout the irrigation system and is defined as the ratio between the lowest quarter (25%) of the measurements and the average of all the measurements. The general criteria for DU values for systems in operation for one or more seasons are: 90% or greater, excellent; 80% to 89%, good; 70% to 79%, fair; and less than 70%, poor. Greenhouse irrigation systems have the potential for uniformity in the good to excellent range.
Our first step in the irrigation evaluation was to obtain a general overview of the operation: the location of the well, the location of the timers, the greenhouse layout and the operation of the irrigation system. Next, we chose three general areas for the collection of the evaluation data: one near In any irrigation system, some crop the pump, one far from the pump and one at an intermediate location. In each of these areas, pressure and flowrate measurements were taken at the inlets to the laterals (the irrigation pipe that runs down the production bed) and at the ends of these laterals.
In the area near the pump, we collected flow7 rates at two different pressures so that a discharge exponent for the outlets could be estimated. The discharge exponent is a measure of how the flow from the outlets varies with changes in the operating pressure. The exponent ranges from near zero to a little more than 1. A low exponent means that the flow from the outlet does not change much with changes in pressure, and therefore water can be applied uniformly even with large differences in pressures throughout the irrigation system. A high exponent, on the other hand, means that the flow varies directly with the pressure, so uniform water application requires uniform pressures.
At the farthest point from the pump, we took extra flow-rate measurements to evaluate the potential for plugging in the system. The combination of the pressure and flow measurements, along with the estimates of the emitter exponent and the amount of plugging, are the primary parameters used to evaluate the overall uniformity of the irrigation system.
We made all of the evaluations on roses and carnations, the most common greenhouse crops in the Monterey Bay region. The general layout consists of a center aisle down the middle of the greenhouse ranges, with flowerbeds extending out from the center aisle to the edges of the greenhouse. Flowerbeds are typically 3 feet wide, with a 2-foot-wide walkway be-tween beds for access to the flowers for picking, pruning, and so on. The length of these beds and associated irrigation laterals vary from 100 to 180 feet.
Evaluating irrigation systems
We evaluated three main types of irrigation systems: 16 perimeter spray systems, three center riser systems and four drip systems. Perimeter spray systems are the most common in the region and designs vary widely. In general, the systems tested consisted of 3/4-inch PVC pipe around the perimeter of each of the flowerbeds with half-circle sprayers directed toward the center of the bed. In some systems, the spacing of the sprayers was as close as 16 inches, and in other greenhouses, the spacing was as far as 30 inches apart. Sprayer flow rate averaged 15 gallons per hour at 15 psi. Inlets to these perimeter systems were either in the middle of the bed or at the aisle end of the bed. In some systems, each bed was controlled by a manual valve at the aisle, and in other systems, a group of beds was controlled by an automatic valve and an irrigation timer.
The center riser systems consisted of a single line of 3/4-or 1-inch PVC pipe down the center of each bed. Full circle sprayers were mounted on 18-inch risers, spaced from 5 to 7 feet apart. The sprayer flow rate averaged 37 gallons per hour at 15 psi. These systems are commonly used in rose growing, but are not used in carnation growing where the foliage is too thick to allow good coverage.
The drip systems that were evaluated use various drip products including heavy wall tape with pressurecompensating emitters, heavy wall tubing with turbulent flow emitters and porous wall tape. Common configurations consisted of four lines of drip tape per bed for carnations, and two lines of drip tubing per bed of roses. Flow rates for tape were 0.22 or 0.45 gallons per minute per 100 feet at 10 psi. Flow rates for tubing were 0.7 or 1.0 gallons per minute per 100 feet at 15 psi. The tape was used with carnations, while heavy wall tubing was installed for roses because the thorns would easily damage the tape.
Distribution averages 75%
Microirrigation systems used in greenhouse cut-flower production should attain a DU of over 85%. However, in this survey, the average DU was only 75% and ranged as low as 51% (table 1) . The lower the DU, the more water is required to meet crop needs. The amount of extra water needed to ensure adequate irrigation could be estimated by dividing the water requirement by the DU.
Relative to a system with a perfect 100% uniformity, a system with a DU of 85% requires about 18% more water than the crops need to make sure that the drier areas receive enough water (1.0/0.85 = 1.18). An irrigation system with a DU of 51% would require nearly 70% more water than one with a uniformity of 85%. Often, this amount of extra water is not applied, and in some areas, there may be yield losses due to water stress. In other areas, yields may be reduced due to the Inexpensive screens can help keep foreign materials such as sand and rbst flakes out of the sprayer lateral. In this photo, pipe joint compound collected in the filter after a new irrigation system was installed.
leaching of fertilizer caused by overirriga tion.
Pressure lost to friction
In general, the flow rates in the perimeter systems evaluated were too high for the 3/4-inch laterals, causing large friction losses. The average DU was only 70%. In one system, the pressure was 75 psi at the pump but only 2 psi at the end of the sprayer lines. This pressure drop was caused by friction losses through valves and pipe bends, and in small diameter pipe. This is a substantial waste of energy.
While large pressure losses increase the cost of energy for pumping, large pressure losses in the mainlines do not necessarily result in low distribution uniformity. Large friction losses in mainlines can be compensated for by using pressure regulators that even out the water flow to each separately controlled area. Another way to compensate for large pressure losses in the mains is to adjust the irrigation set times. For example, in areas of the greenhouse where pressures are low, the run time can be increased until the total amount of water applied to the irrigation block is the same as in the high-pressure areas.
erals cannot be compensated for and, in the worst case, large friction losses resulted in the plants at the end of the bed receiving only 50% of the water that the plants near the inlets received. There are many ways to improve the pressure uniformity in the laterals. One simple, low-cost method is to reHowever, pressure losses in the lat-place the sprayers with ones that have smaller orifices. This would reduce the flow rate and corresponding friction loss and increase the pressure uniformity. However, smaller sprayer orifices are more susceptible to plugging. This is another common problem in the microirrigation systems tested.
of improving pressure uniformity is to place the inlet to the laterals in the center instead of at the end. In a typical design, a 160-foot lateral with the inlet at the end would have a pressure loss of 44% from one end to the other, while the pressure loss would only be 10% if the inlet were at the middle of the bed ( fig. 1 ). About half of the systems evaluated had the inlets at the center of the lateral. In this example, moving the inlet to the center could increase the uniformity enough to reduce the irrigation water requirement by 20%. However, this would require automatic valves because of the difficulty in manually turning on the valves when they are located in the middle of the plant rows. In most systems, friction losses can also be reduced and uniformity raised by increasing the diameter of the laterals, from 3/4-inch to 1 inch.
Assessing center riser systems
examined, all had high levels of uniformity, with an average DU of 85%. The sprayers themselves had excellent uniformity and most of the reduction in DU was caused by pressure differences along the mainline. In one system, the pressure-regulating control valves along the mainline were not set Possibly the most effective method Of the three center riser systems we at uniform pressures. If these valves had been set correctly, the DU in this system could have been as high as 95%. In two of these systems, the spray laterals were 3/4-inch PVC, which is slightly undersized for the flow rate used. In the other system, the first half of the lateral was 1 inch and the second half was 3/4-inch line. This is a good design principle that could be used in these systems, and the perimeter systems, to provide good pressure uniformity at a lower cost than if 1-inch line is used throughout.
Evaluating drip systems
One of the drip systems with pressure compensating emitters was a new installation and the other was 3 years old. The emitter exponent of both these systems was about .08, indicating that emitter flow rates change little with changes in pressure. The new system had a DU of 95% and the older system had a DU of 89%. Both of these systems had few plugging problems, and the slightly lower DU of the older system was probably due to age. Pressure-compensating emitters use a rubber diaphragm, or some type of flexible orifice, that can wear out over time. However, even though the emitters showed some wear, the pressure compensation of these emitters was still working as well as in the new installation.
The new installation featured a system with turbulent flow emitters and had a uniformity of 96%. Turbulent flow emitters typically have an exponent of about 0.5, indicating that they low flow rates of the emitters, there was no measurable pressure loss in the laterals (less than 1 psi). The high DU of the system was due to the very small pressure differences and the fact that turbulent flow emitters can be manufactured with low variance in flow rates. flow rate and excessive friction losses. The emitter exponent for porous wall tape was near 1, which resulted in the flow rate changing almost directly with changes in pressure. Because of the large emitter exponent, the flow rates decreased significantly from the inlet to the end of the lateral. Porous wall tape is also subject to plugging problems. Silt and clay particles that pass through most irrigation filters tend to plug up the small pores in the tape walls. Because there is no way to treat this plugging unless the water is very clean, plugging can be a major problem in these systems. As a result of the high emitter exponent and the plugging problems inherent in porous tape, the DU in this system was only 64%.
Performance must be measured
On average, the greenhouse irrigation systems evaluated rated only "fair," and 10 of the 23 systems rated "poor." While most flower growers are observant, irrigation system performance is not something that can easily be seen; it must be measured and quantified. Once the results of the evaluations were shown to the growers, they were quick to make improvements, such as resetting pressure regulators or adjusting automatic timers.
Unfortunately, one major cause of low DU in many systems is that pipe sizes are too small for the application rates used. This problem cannot be solved without some expensive retrofitting of the systems. Generally, in retrofitting or in new installations, lateral pipe diameter could be increased from 3/4-inch to 1 inch and the lateral inlet could be placed in the middle instead 
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other solution is to install drip irrigation, which, in our survey, can provide excellent irrigation uniformity without plugging. The lower operating costs resulting from higher uniformity, lower operating pressure and reduced fertilizer needs could make retrofitting some systems economical. Growers need to have a better understanding of irrigation system design and how it relates to total operating costs so they can make informed decisions when retrofitting their system or when selecting the design of a new irrigation system. vey, it is apparent that timing devices rather than manual operation of soleAlthough not quantified in this surnoids could significantly improve uniformity. It was noted many times that a worker operating the solenoid valves was distracted and thus not keeping an eye on the timing of the irrigation. Although not common, pressurecompensating valves along water mains, when set properly, could significantly increase uniformity.
Plugging of the outlets was the other major cause of low uniformity. The mainlines in most of the systems were iron pipe and, as a result, rust flakes were often found plugging emitters. Chemical precipitates and sand were often the cause of plugging in other systems. Only the drip systems used water filtration, and the overall higher uniformity of these sys- 
